Introduction

20
A number of state Departments of Transportation (DOT) and their local transit agencies are concerned 21 about the escalating costs of new buses and lack of funds to keep up with their replacement needs. The 22 cost of replacing the aging transit fleet in the US to maintain current performance levels is estimated to 23 exceed one billion dollars annually (1, 2). The addition of new buses to the existing fleet of any transit 24 agency is a capital intensive process. In the US, the federal government provides a bulk of the capital 25 funds needed to replace the aging transit fleet, with the requirement of a minimum matching support 26 (usually 20%) from non-federal sources. 27
A bus that completes its service life should ideally be replaced. However, lack of capital funds 28 often prevents state DOTs from procuring new buses for their constituent agencies. Several rebuilding 29 alternatives to bus replacement are available to the transit industry that can be classified under two 30 generic categories: bus rehabilitation and bus remanufacturing. A number of studies conducted between 31 1980 and 2000 explored the economics of replacement of buses versus rebuilding of existing buses. Most 32 of these studies found that up to certain limits, it is cost-effective to rebuild an existing bus thereby 33 extending the life by a few years with a fraction of the procurement cost of a new bus. The problem 34 addressed is typical to a state DOT in the US that supports the fleet management of its constituent transit 35 agencies. While replacing the aging fleet is the most desirable option from a quality point of view, 36 budgetary constraints require transit agencies to use a combination of new and old buses to provide 37 services for their customers. Thus, the challenge before the agency lies in finding an optimum 38 combination of new and old buses by partially replacing and partially preserving the existing fleet. Two 39 imperative and conflicting measures in the resource allocation are (1) fleet quality measure; and (2) 40 economic measure. These two measures are quantified in the following section. 41
Fleet Quality Measure 42
A quality measure can be considered as the remaining life of the fleet system. An agency's objective is to 43 maximize the quality measure. Recent studies attempted to improve upon the original model by 44 suggesting both structural and methodological changes (3, 4) . These studies attempted to maximize the 45
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Paper revised from original submittal. Both TWARL and TSWARL can be looked upon as surrogates of the quality of the fleet and 9 need to be maximized. Further, research presented in this paper is also based upon an alternative approach 10 of cost minimization as another economic measure. 11
Economic Measure 12
In terms of economic measure the agency has scarcity in funding to manage the fleet so that the fleet size 13 is maintained with minimum cost. Net Present Cost (NPC) is used in a number of studies to measure the 14 expenditure. For the proposed resource allocation problem, NPC is defined as the sum of spending in 15 improvement of transit options when the dollar value of the expenditure is brought to its present value 16 using appropriate interest rate throughout the planning period. If , is the number of buses chosen for 17 agency i, for improvement option k, and for time period m; is the cost of improvement option k in year 18 m; and ∅ is the interest rate/discount factor then NPC can be measured as 19
The agency's objective is to minimize the NPC while maintaining the quality measure to minimum 21 standards. 22
Measure Preference 23
If the agency's objective is to maximize the quality measure, that maximum value may not be attainable 24 within a given budget constraint. The above mentioned measures are conflicting, and an agency would 25 like to invest the minimum amount (in terms of net present cost) over planning period to obtain the best 26 fleet quality measure possible. Ideally, both objectives (to maximize fleet quality and to minimize the 27 NPC) should be considered simultaneously. In this paper, we present a multi-objective optimization (MO) 28 framework rather than minimizing or maximizing each objective separately. MO results in a set of pareto 29 optimal solutions as opposed to just one solution, and it allows the agency to investigate possible trade-30 offs' between the two objectives. Pareto-optimal solutions are those in which it is impossible to make one 31 1 RL can be defined as the difference between the minimum normal service life (MNSL) and the age of the bus. The MNSL of a medium-sized bus, the subject matter of this study is taken as seven years per guidelines of the U. S. Department of Transportation. objective better off without necessarily making the other objective(s) worse off (5). The remainder of the 1 paper is organized as follows. A literature review is presented in the next section along with the need of 2 the research followed by methodology. The case study section shows the structure of a real world data.
3
The results and discussion section includes the findings of the research. Lastly, the summary of research 4 and future steps are presented in the conclusion section. 5
Literature Review
6
Literature review section is organized into three areas: (1) transit fleet improvement options, (2) 7 quantitative measures for fleet management, (3) multi-objective optimization applications for transit. The 8 review is not intended to be exhaustive, but to highlight some of the general trends in addressing the 9 allocation problem. 10
Transit Fleet Improvement Options 11
Transit improvement options drew significant attention in the 1980s, and received renewed research 12 interest in the late 1990s. A number of studies found replacement, rehabilitation, and remanufacturing are 13 the preferred options (6-9). The literature review clearly showed that remanufacturing and rehabilitation 14 of buses, if done properly, can be a cost-effective option. The studies mentioned above stressed the 15 importance of proper preventive maintenance as a primary factor contributing to the success of 16 rehabilitation programs. These studies emphasized that rehabilitation, "if properly done," can be a 17 successful strategy, clearly referring to the quality of maintenance and steps taken by the agency to 18 prevent major breakdowns in machine components or bus body infrastructure. For the purpose of this 19 paper, the following terms are adapted from the literature. ii.
Rehabilitation (REHAB): Process by which an existing vehicle is rebuilt to the original 24 manufacturer's specification, with primary focus on the vehicle interior and mechanical system. 25
iii.
Remanufacturing (REMANF): Process by which the structural integrity of the vehicle is restored 26 to original design standards. This includes remanufacturing the body, the chassis, the drive train, 27 and the vehicle interior and mechanical system. 28 Note: The generic term 'REBUILD' has been used in this paper to mean Rehabilitation and or 29
Remanufacturing. 30
Quantitative Measures for Fleet Management 31
Service life maximization is the most commonly adopted measure of effectiveness (MOE) for the 32 resource allocation in conjunction with budgetary constraints. Some prominent bus maintenance 33 management studies include: bus maintenance programs for cost-effective reliable transit service (10-11), 34 a generalized framework for transit bus maintenance operation (12), manpower allocation for transit bus 35 maintenance program (13), framework for evaluating a transit agency's maintenance program (14), a 36 simulation model for comparing a bus maintenance system's performance under various repair policies 37 (15), and performance indicators for maintenance management (16). These problems primarily cater to an 38 operator, who is concerned with the day to day maintenance for an efficient fleet operation. 39
Another commonly adopted MOE for transit resource allocation is in terms of monetary units.
40
The performance measures frequently used in literature are maximization of revenue, return, or profits, 41 benefit to cost ratio, internal rate of return, pay off period, cost effectiveness (17-23 Mathematical Construct Explanation Eq.#
Overall Objective: weighted sum of normalized net present cost (NPC) and sum of normalized total system weighted average remaining life of the fleet (TSWARL). As we are minimizing NPC and maximizing TSWARL, the value of the objective function TSWARL is to be negative to represent the overall problem as minimization problem. The weight (ρ) considered here is between 0 and 1.
, * 1 ∅
Objective function 1 : net present cost of the transit fleet resource allocation (NPC)
Objective function 2 : sum total of the weighted average remaining life of the fleet of all the constituent agencies for the whole planning period (TSWARL)
Subjected to following constraints * , ∀ Constraint: Total cost of improving the buses for different improving schemes, agencies and over a planning period should not exceed budget for the planning period
Constraint: Planning period budget is equal to the sum available budget for each year, where budget is a priori. The overall objective function is shown in equation (4), is a weighted sum of normalized NPC and 2 TSWARL. Since we are minimizing NPC and maximizing TSWARL, the value of the objective function 3 TSWARL is negative to represent the overall problem as minimization problem. The weight (ρ) 4 considered here is between 0 and 1. The objective functions shown in equations (5) and (6) y . This definitional constraint in equation (13) 7 ensures that the life of the buses is improved by either two, three, or four years for a re-built bus and by 8 seven years for a new bus. Other buses in the system will have no additional years added. The constraint 9 (7) represents the sum total of the weighted average remaining life of the fleet of all the constituent 10 agencies for the whole planning period, designated as TSWARL. The choice of TSWARL is defined by 11 the user. A lower value of TSWARL suggests a low cost improvement and vice versa. Equation (8) 12 represents the constraint of a fixed budget for the seven-year planning horizon with the planner having the 13 budget flexibility across the years. Equation (9) represents the planning period budget being equal to the 14 sum available budget for each year. Equation (10) ensures that all the buses that have completed their 15
Minimum Normal Service Life (MNSL) requirements will be eligible for improvement as per Federal 16
Transit Administration (FTA) standards. MNSL can be defined as the number of years or miles of service 17 that the vehicle must provide before it "qualifies" for federal funds for rehabilitation, remanufacturing and 18 replacement. 19 Equation (11) represents policy constraints which ensure that the buses that have been 20 rehabilitated twice or remanufactured once will be replaced. The two terms in this constraint are defined 21 in equations (14) and (15). These three constraints are specific to the case study presented in this paper, 22
and can be revised at the discretion of the user. Thus, equations (11) and (14) ensure that a bus that was 23 rebuilt twice (each time its life is increased by or years is replaced. This policy is applicable only 24 after years. Similarly, a bus that is remanufactured resulting in an increase in life by years must 25 be replaced (equations 11 and 15) and is applicable only after years. This constraint presented in 26 equations (11, 14, and 15) is specific to the case study presented in this paper, and can be revised at the 27 discretion of the user. Equation (14) is a non-negativity constraint to ensure that the number of buses 28 chosen for improvement is never negative. The formulation involves non-linear functions, non-29 differentiable functions, step functions, and integer variables. Although the step function can be 30 generalized to linear forms, the formulation will require additional variables which may result in variable 31 explosion rendering the model unsuitable for large/real world problems. 32
Solution Approach
33
The solution methodology is presented in Figure 1 .The first step is to initiate the solver to read the input 34 and look up for the binary variable indices with lower bound to 0 and upper bound to 1 for each binary 35 decision variable. Please note that the objective function consists of both TSWARL and NPC in the 36 proposed transit fleet resource allocation model. An important consideration needs to be given to the 37 overall objective function which cannot be a direct sum of both the objectives as it is possible that 38 magnitude of one objective may be very high compared to other. In classical weighted sum approach this 39 is overcome by normalizing each objective function. The normalized objective function can be determined 40 by obtaining expectation of each objective function value divided by the expected value of the objective 41 function. The next step is to construct one empty node and create a tree by setting an initial value of 42 objective function. Next, we try to solve for a node by setting the binary variable bounds, and fix the 43
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binary value according to the two vectors in the node. The binary variables 0 or 1 for the four 1 improvement options REHAB1, REHAB2, REMANF, and REPLACE are considered in the optimization 2 problem where all the constraints described in equation (6) through (15) are to be considered. The best 3 value of the objective function is to be estimated considering initial weight starting from 0. 4
In the first optimization results, the solution algorithm checks if the current result is feasible and 5 satisfying all constraints with reasonable value of the objective function. Next, it compares the resulted 6 objective value with the current best and checks if all the binary variables are 1 or 0. The solution 7 algorithm updates the current best objective value. If newly obtained objective is better than the current 8 value, then the current value is set to the new one; otherwise the incumbent is kept. This process of 9 iteration of the objective function is repeated until a desired precision level (10 -6 ) for all weights is 10 reached. Finally, all results are summarized and the pareto is drawn front to visualize the multi objective 11 optimization results. 12 13 • Replacement (REPLACE)-process of retiring an existing vehicle and procuring a completely 27 new vehicle. Buses proposed to be replaced using federal dollars are expected to be at the end of 28 their MNSLs, as described above. (Life expectancy: seven years) 29
Data
• Rehabilitation (REHAB)-process by which an existing bus is rebuilt to the original 30 manufacturer's specification. The focus of rehabilitation is on the vehicle interior and mechanical 31 systems, including rebuilding engines, transmission, brakes, and so on. Two types of 32 rehabilitation: REHAB1 and REHAB2 with moderate to higher levels of engine rebuilds are 33 considered in this study (Life expectancy: 2 to 3 years) 34
• Remanufacturing (REMANF)-process by which the structural integrity of the bus is restored to 35 original design standards. This includes remanufacturing the bus chassis as well as the drivetrain, 36 suspension system, steering components, engine, transmission, and differential with new and 37 manufactured components and a new bus body. ( Life Expectancy: 4 years) 38
• Further, it was assumed that a vehicle may be rehabilitated (REHAB1 or REHAB2) only up to 39 two consecutive terms, and then must be replaced (REPL) with a new bus. A vehicle with 40 REHAB1 and REHAB2 (or vice versa) in two consecutive terms also should be replaced. A 41 vehicle may be remanufactured (REMANF) only one time, and then must be replaced (REPL) 42 with a new bus. A vehicle rehabilitated (REHAB1 and REHAB2) once can be eligible for 43 remanufacturing (REMANF) before it is replaced (REPLACE). 44
Case Study Problem
45
The budgets available for each year and the unit cost for each improvement options for each year are 46 shown in Table 2 . A seven year planning period is considered conforming to the MNSL requirement of 47 medium sized buses. Replacing all the 235 buses with zero years of RL (last row and second column of 1 Similarly, in the second year, 122 buses which had one year of RL in the base year will qualify for 3 improvement. 4
Replacing all these buses with remaining life 1 year would require $9,947,880 (122x$81,540), which also 5 exceeds the second year budget and so on for other years. Moreover, if the replacement process is 6 continued from year 2002 through 2009, when the buses reach their MNSL, it will cost $88,488,688 (i.e. 7 235*81,540+122*81,540+……+235*102,720) to maintain the fleet size of 720 buses throughout the 8 planning period. However the total available budget is only $52,889,000 (Table 2) . Therefore, there is a 9 need for a mechanism to identify improvement options for each agency, so that the NPC is minimized 10 with a user defined TSWARL. The case study problem is solved using Premium Solver Platform (37-38). 11
Results and Discussion
12
The results from the proposed model are illustrated in the Table 3 . We can see the values for a set of 13 weights ranging from 0 to one (the value of ρ) for each objective function. If the weight is 0 the 14 formulation is equal to single objective minimization of NPC as an objective function; whereas, if the 15 weight is 1 it represents a case of maximization of TSWARL as the only objective. The weights in the 16 case study were choosen to represent as many possible points in the solution space. Hence 60 weights 17
were generated between 0 and 1. Only a total of seven points (including the two extreme points) are 18 shown in Table 3 . 19 Table 3 lists the best pareto optimal solution along with the number of buses allocated for each 20 improvement option, values of objectives TSWARL and NPC and the corresponding weights. Due to 21 space constraints we are not listing all the 60 solutions rather solutions are picked randomly with extreme 22 values. Table 3 shows the extereme solutions are the best solutions for each objective. However the least 23 value of NPC objective ($42,991,614) can also be attributed to large surplus, i.e. the budget is not being 24 fully utilized resulting in a surplus of $4,670,867 (see Table 4 ). Although the budget constraint keeps the 25 amount committed for improvements below budget, it does not limit the minimum amount to be spent 26 leading to a large surplus. The algorithm makes use of this feature leading to high surplus but with the 27 minimum NPC. The Table 4 lists the year-wise allocation of resources for improvement, the two solutions 28 listed are extreme, one for weight (ρ) = 0 and another for weight (ρ) =1. Each row shows yearly allocation 29 of buses for each improvement option and the amount allocated for those improvements in that year. All 30 of the 60 solutions of the proposed model contain this information. 31
The Figure 2(a) is an illustration of the final pareto frontier solutions. We can observe the 32 diversity of solutions across the region and a pareto frontier representive quality of solutions. One can 33 observe none of the points in the figure is the best solution representing the minimum value of NPC and 34 the maximum value of TSWARL; hence these solutions are pareto optimal solutions. The Figure 2 can be achieved at weight 0 as expected. At ρ=0, the problem becomes a single objective minimization of 38 NPC. The value of NPC at weight 0 is so low, and appears to be an outlier. The reason for this is the 39 amount committed for improvements is very low and a reasonable amount of surplus money stays 40 available for this particular weight (as seen in Table 2 , last column). Similarly in Figure 2 (d) we can 41 observe the highest value of TSWARL at ρ=1, and a nice spread of solutions at different weights. 42
The result presented in Table 4 relationship between TSWARL and NPC with different objective functions and not to forecast or predict 1 the results. The results shown in Figure 3 are not intended to be used as a substitute for optimization in 2 resource allocation problems. Rather it is an effort to explore correlation between different variables. 3
4
As can be observed from Figure 3 , only a linear relation relationship between TSWARL and 5 REHAB2 has an acceptable R-square value. Further, it is an inverse relationship with number of 6 REHAB2 buses associated with lower values of TSWARL. The relationship between TSWARL and 7 REPLACE option is a positive one, with a modest correlation at best. Similarly, there is a weak 8 correlation between TSWARL and Total Fleet for improvement, NPC, and REPLACE option (Figure 3  9 (d)). Other comparisons are not listed, as these relationship (betweeen decision variables and objective 10 functions) are weak. It can be inferred that TSWARL is inversely impacted by buses going for 11 rehabilitation for 3 years resulting in a very small number of buses allocated for rehabilitation (REHAB2) 12 option in the Table 4 . In fact the key to maximizing TSWARL is to rehabilitate the least number of buses 13 in the fifth year. This further leads to question of exploring yearly improvements with the objective 14 function values. The Figure 4 (a-d) illustrates some insights in that direction. 15
In the Figure 4 
Budget Sensitivity 22
To understand the budget sensitivity, multiple runs were performed with different weights and lower 23 budgets. It was observed that the solver fails to obtain a solution without violating the budget constraints 24 below 13% of the original budget value $52,889,000. Therefore, in the Table 5 , we present solutions 25 obtained at lower budget value $46,013,430 (13% reduction of $52,889,000) and the weights of ρ = 0, 0.5 26 and 1. It can be observed (Table 5 ) that at a lower budget, the algorithm chooses a lower cost, and 27 medium age improvement options (REHAB2 and REMANF) to achieve the minimum NPC value. At the 28 original budget and for similar weight, the algorithm prefers extreme improvement options (REHAB1 and 29 REPLACE) with higher cost and longer life (better quality). Another interesting observation is for ρ = 1 30 (Maximization of TSWARL), the total number of buses for improvement between year 2002-2005 31 remains the same at both the budget levels (Table 4 and 5). The difference starts to appear after year 2006 32 where the model tries to adjust for the budget. 33
Synthesis of Results
34
The multi objective optimization approach presented for the transit resource allocation resulted in a pareto 35 optimial solutions demostrating trade off's between NPC and TSWARL. The optimization results show 36 that appropriate improvement options can be choosen to achieve a specific objective function. The 37 relationship between NPC and TSWARL is non-linear in nature because of the incorporation of the 38 interest factors in computing NPC. When NPC is compared with the yearly quality measure (TWARL), it 39 is observed that initially, TWARL remains relatively constant with increase in NPC up to a certain point, 40
beyond which TWARL increases. In all the solutions, a relationship between replacement (REPLACE) 41 option and rehabilitation option (REHAB2) with TSWARL has been consistently observed. However, 42
there is a strong inverse relationship between TSWARL and REHAB2. This shows that the fleet size 43 chosen for this improvement governs the overall objective of TSWARL. 44
The relationship between TSWARL and TWARL in the year 2009 is the strongest compared to 45 any other relationship between decision variables and objectives, thus suggesting that the last year's total 46
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expected weighted remaining life plays an important role in maximizing TSWARL. A limitation of the 1 formulation is that minimum NPC can be achieved by investing smaller amounts in the improvements and 2 obtaining a large surplus (reducing expenditure from budget). This can be overcome by adding a 3 constraint on minimum spending amount. A sensitivity analysis for a lower budget shows efficacy of the 4 model to work at 13 percent lower than the original budget. A comparison between a low budget and an 5 exact budget shows variations in fleet selection for each improvement option. 6
Computational Effort 7
The average computational time to solve this problem for a single weight using the PSP solver platform 8 (37;38) is two minutes in a Windows 7 64 bit operating system, on i7 Quad Core Processor and 6 GB 9 RAM. The overall time taken to obtain the all the 60 solutions is approximately two hours. 10
Conclusion
11
A novel multi-objective optimization model for transit fleet resource allocation is proposed in this paper.
12
Two conflicting objectives, maximization of TSWARL and minimization of NPC are used. TSWARL is a 13 quality measure and represents remaining life of the transit fleet that the agency would like to maximize. 14 Further, it is equally important to determine the cost required to achieve a certain TSWARL, expressed as 15 the net present cost (NPC). Clearly, the transit agency would like to minimize NPC, a premise that 16 conflicts with maximizing TSWARL. In the single objective optimization problem, either TSWARL or 17 NPC can be analyzed only one at a time. Further, while analyzing TSWARL, the single objective 18 optimization problem is blind to the NPC, and vice versa; as each is assumed as a by-product of other.
19
The proposed multiobjective optimization problem has the advantage of considering both objectives 20 simultaneously and provides a series of solutions as a trade-off for the decision maker. Branch and bound 21 algorithm (BBA) is used to solve the multi-objective formulation since it results in better optimal 22 solutions compared to GA for such problems. Transit fleet data over an eight year period from the 23
Michigan Department of Transportation is used as the case study. As per FTA standards, four 24 improvement options are used to allocate the fleet approaching MNSL. 25
The multi objective transit fleet resource allocation model has multiple dimensions of significant 26 contribution to research and practice. First, the proposed model provides a trade-off between two 27 objectives TSWARL, a quality measure and NPC, a cost measure. An analysis of this trade-off has not 28 been attempted in literature. Second, solutions to both objectives in a multi-year planning period provide 29 the decision makers with multiple options. Third, the proposed method allows the decision makers to 30 explore the trade-off's between the two conflicting objectives. The research in transit resource allocation 31 can be further enhanced in several ways. The classical technique of weighted sum approach presented in 32 the paper has been extensively applied in multi-objective optimization research and practice. However, 33 recent advancement of evolutionary approaches for solving multi-objective optimization can be 34 considered in future research. The case study demonstrated in the paper is for the medium duty, medium 35 sized transit fleet system in Michigan. The methodology can be applied to different fleet age types, 36 policy, and budget constraints. Another factor is fleet uncertainty because of bus breakdown, accidents or 37 other events, that can be modeled into the problem to build a robust fleet resource allocation. 38 
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